ϩ current is a critical O2-sensing mechanism. Previously, it was demonstrated that the cooperative action of TASK-1 and NADPH oxidase-4 (NOX4) mediated the O2-sensitive K ϩ current response. Here we addressed the O2-sensing mechanism of NOX4 in terms of TASK-1 regulation. In TASK-1 and NOX4-coexpressing human embryonic kidney 293 cells, hypoxia (5% O2) decreased the amplitude of TASK-1 current (hypoxia-⌬I TASK-1). To examine whether reactive oxygen species (ROS) mediate the hypoxia-⌬ITASK-1, we treated the cells with carbon monoxide (CO) which is known to reduce ROS generation from the heme-containing NOX4. Unexpectedly, CO failed to mimic hypoxia in TASK-1 regulation, rather blocked the hypoxia-⌬ITASK-1. Moreover, the hypoxia-⌬ITASK-1 was neither recovered by H2O2 treatment nor prevented by antioxidant such as ascorbic acid. However, the hypoxia-⌬ITASK-1 was noticeably attenuated by succinyl acetone, a heme synthase inhibitor. To further evaluate the role of heme, we constructed and expressed various NOX4 mutants, such as HBD(Ϫ) lacking the heme binding domain, NBD(Ϫ) lacking the NADPH binding domain, FBD(Ϫ) lacking the FAD binding domain, and HFBD(Ϫ) lacking both heme and FAD domains. The hypoxia-⌬ITASK-1 was significantly reduced in HBD(Ϫ)-, FBD(Ϫ)-, or HFBD(Ϫ)-expressing cells, versus wild-type NOX4-expressing cells. However, NBD(Ϫ) did not affect the TASK-1 response to hypoxia. We also found that p22 is required for the NOX4-dependent TASK-1 regulation. These results suggest that O2 binding with NOX4 per se controls TASK-1 activity. In this process, the heme moiety and FBD seem to be responsible for the NOX4 regulation of TASK-1, and p22 might support the NOX4-TASK-1 interaction. ϩ channel family (K2P). Most of the K2P commonly show background activity that is represented as an ohmic current-to-voltage relation (I-V curve). Such property renders K2P as a primary player setting the hyperpolarized resting membrane potential (5). In contrast with K2P, significant activation of Kv requires membrane depolarization above a threshold. In this respect, the O 2 -sensitivity of TASK is an attractive explanation for the hypoxia-induced initial depolarization of carotid body, neuroepithelial body, cerebellar granule neurons, and pulmonary arterial smooth muscle (3, 5, 12, 13, 30) .
APPROPRIATE RESPONSE TO DECREASED partial pressure of O 2 (PO 2 ) is a fundamental function of living organisms. In respiratory and arterial systems, where the provision of O 2 is their major mission, the acute responses to hypoxia are critically dependent on rapid sensing mechanisms such as O 2 -sensitive ion channels. The carotid and neuroepithelial bodies are the principal sensory organs monitoring arterial and airway PO 2 , respectively. In the cells from these organs, numerous reports have demonstrated the O 2 -dependent voltage-gated (Kv) and background-type (TASK) K ϩ channels (5, 20) . TASK is a subgroup of recently identified tandem two-pore domain K ϩ channel family (K2P). Most of the K2P commonly show background activity that is represented as an ohmic current-to-voltage relation (I-V curve). Such property renders K2P as a primary player setting the hyperpolarized resting membrane potential (5) . In contrast with K2P, significant activation of Kv requires membrane depolarization above a threshold. In this respect, the O 2 -sensitivity of TASK is an attractive explanation for the hypoxia-induced initial depolarization of carotid body, neuroepithelial body, cerebellar granule neurons, and pulmonary arterial smooth muscle (3, 5, 12, 13, 30) .
Although the O 2 sensitivity of TASK-like current has been demonstrated in various tissues mentioned above, the responses of heterologously expressed TASK showed somewhat controversial results depending on the expression system. The TASK-1 channels expressed in human embryonic kidney 293 (HEK293) cells showed decreased outward current by hypoxia while those expressed in Xenopus oocytes were insensitive to O 2 (28) . Also, the TASK-like current in adrenomedullary chromaffin cell was O 2 insensitive (18) . Such results suggested that the O 2 -dependent regulation of TASK is an indirect mechanism signaled from a separate O 2 sensor such as NADPH oxidase (NOX) as has been demonstrated recently (21) .
NOXs are heme-containing transmembrane proteins to generate reactive oxygen species (ROS) by transferring electrons from NADPH to O 2 . NOX4, a 578-amino acid protein with 39% sequence identity to gp91 phox /NOX2, was originally described as a renal oxidase (Renox) because of its relatively high expression in kidney (10, 31) . The subsequent studies demonstrate wide expression of NOX4 in various tissues, and also suggested diverse physiological roles such as O 2 sensing, cellular senescence, and proliferation (4, 9) . Consistent with the role of O 2 sensor, it was recently found that the coexpression of NOX4 with TASK-1 largely augmented the hypoxiainduced inhibition of TASK-1 current (hypoxia-⌬I TASK-1 ), and the NOX4-specific small interference RNA (siRNA) transfection abolished the hypoxia-⌬I TASK-1 (21) .
The enzymatic products of NOX are superoxide anion (O 2 Ϫ ) molecules that are rapidly converted to hydrogen peroxide (H 2 O 2 ) by superoxide dismutase. In this respect, the most likely scenario for the hypoxia-⌬I TASK-1 would be an indirect signaling via ROS; the TASK-1 activity depends on tonic production of ROS and their decrease under hypoxia might inhibit TASK-1. On the other hand, one could also suspect more direct regulation such as protein-protein interaction, which might be affected by O 2 -dependent changes of NOX4 conformation. In our previous study, the effect of a chemical inhibitor of NOX4 suggested that the enzymatic activity of NOX4, ROS production, might be the regulatory signal for TASK-1 (17) . However, in a recent pilot study, we observed experimental evidence supporting the latter hypothesis: ROS-independent regulation of TASK-1 by NOX4. In the present study, therefore, we aimed to verify such hypotheses in HEK293 cells expressing TASK-1 with various mutations of NOX4.
MATERIALS AND METHODS

Cells and Chemicals
HEK293 cells were cultured in Dulbecco's modified Eagle's medium (Life Technologies, Grand Island, NY), supplemented with 10% heat-inactivated fetal bovine serum and 1% penicillin-streptomycin. The human small cell lung carcinoma cell line H146 cells were purchased from Korea Cell Line Bank (KCLB, Seoul, Korea). The culture medium was RPMI 1640 (containing L-glutamine) supplemented with 10% heat-inactivated fetal bovine serum and 1% sodium pyruvate (all from Gibco, Paisley, Strathclyde, UK). Cells were incubated at 37°C in a humidified atmosphere of 5% CO 2. Other chemicals were purchased from Sigma-Aldrich (St. Louis, MO).
Expression Plasmids and Transfection
The NOX4-green fluorescent protein (GFP) plasmid was constructed by inserting full-length human NOX4 cDNA (NM_016931) into pEGFP-N2 (Clontech, Mountain View, CA). The human pcDNA-TASK-1 (NM_002246) plasmid was generously given to us by Dr. P. R. Stanfield (University of Leicester, UK). Various deletion mutants and point mutants of the NOX4-GFP plasmid were constructed using the ExSite Mutagenesis kit (Stratagene, La Jolla, CA) or the QuickChange site-directed mutagenesis kit (Stratagene). All constructs were verified by DNA sequencing. The detailed protein structures encoded by the mutated plasmids are illustrated as figures. To express the proteins, NOX4-GFP and TASK-1 plasmids were cotransfected into HEK293 cells using the calcium phosphate method. After transfected cells were stabilized for 24 h, NOX4-GFP expression was identified under a fluorescence microscope.
siRNA for NOX4
To suppress endogenous NOX4 expression, a synthesized siRNA duplex was obtained from Invitrogen (Carlsbad, CA). The sequence targeting NOX4 corresponds to nucleotides 1474 -1492 (GTCAA-CATCCAGCTGTACC) of the coding region. H146 cells were transfected with NOX4 siRNA (40 nM) using Lipofectamine RNAiMAX (Invitrogen Life Technologies) and cultured for 5 days with additional transfection every 2 days (twice total). In control experiments, the same concentration of scrambled siRNA (Invitrogen) was used.
The knockdown of NOX4 in H146 was confirmed by RT-PCR analysis. Total RNA was isolated from H146 cells by TRIzol (Invitrogen). NOX4 mRNA was amplified using RT-PCR with specific primers; 5Ј-TTGTCTTCTACATGCTGCTG-3Ј and 5Ј-TACTGACCAGGTCTT-GCTTT-3Ј. RNA (1 g) was reverse transcribed at 48°C for 20 min, and the produced cDNAs were amplified over 28 PCR cycles (94°C for 30 s, 52°C for 30 s, and 70°C for 30 s). The PCR products (5 l) were electrophoresed on a 2% agarose gel at 100 V in a 1ϫ Tris-acetate-EDTA buffer and visualized using ethidium bromide.
Construction and Transfection of p22 Plasmid and siRNA
The human p22 PHOX cDNA (NM_000101) in HEK293 cells was amplified using RT-PCR with specific primers, whose sequences are 5Ј-TCGCCATGGGGCAGATCGAGT-3Ј and 5Ј-TCACACGACCT-CGTCGGTCA-3Ј. Then, the cDNA was inserted into the pcDNA3 expression vector and the cloned plasmid was verified by DNA sequencing. To suppress endogenous p22 PHOX expression, a synthesized siRNA duplex was obtained from Invitrogen. The sequence targeting p22 is 5Ј-ATCTACCTACTGGCGGCT-3Ј. To transiently express or knock down p22, ϳ40% of confluent HEK293 cells were transfected with the p22 plasmid or siRNA using the calcium phosphate method. Cells were allowed to stabilize for 48 h before being used in experiments. The expression or silencing of p22 was evaluated using Western blotting or RT-PCR.
Immunoblotting and Immunoprecipitation
Total cell lysates were separated on an 8% or 10% SDS-polyacrylamide gel and transferred to an Immobilon-P membrane (Millipore, Billerica, MA). The membrane was blocked with 5% nonfat milk in Tris-buffered saline containing 0.1% Tween 20 (TTBS) at room temperature for 1 h, and immobilized proteins were incubated with anti-TASK-1 or anti-Flag antibody (diluted 1:3,000, Sigma) in the blocking solution at 4°C overnight. After washing with three changes of TTBS, horseradish peroxidase-conjugated anti-rabbit antiserum (GE Healthcare) was used as a secondary antibody diluted 1:5,000 in the blocking solution for 1 h. The antigen-antibody complexes were visualized by using Enhanced Chemiluminescence Plus Kit (GE Healthcare). To analyze NOX4-TASK-1 interaction, cell lysates extracted from HEK293 cells cotransfected with pFlag-NOX4 and pTASK-1 were subjected to coimmunoprecipitation. Flag-NOX4 or TASK-1 protein was pull-downed with anti-Flag or anti-TASK-1 antibody, respectively, following to application to protein G-Sepharose chromatography. The immune complexes were washed three times and analyzed by immunoblotting using anti-Flag or anti-TASK-1 antibodies.
Whole Cell Patch Clamp and Application of Hypoxic Condition
The cells were transferred to a small chamber (0.2 ml) on the stage of an inverted microscope (IX-70, Olympus) and perfused continuously with normal Tyrode (NT) solution at a rate of 10 ml/min. A glass microelectrode with a resistance of 2-2.5 Mohm was used to obtain a gigaohm seal. The conventional whole cell patch-clamp technique was used to hold the membrane potential at Ϫ60 mV with a patch-clamp amplifier (EPC-9, HEKA Electronik). The data were filtered at 5 kHz and displayed on a computer monitor. The data were analyzed using Origin software (version 7.0, Microcal Software, Northampton, MA). The NT solution had the following composition (in mM): 143 NaCl, 5.4 KCl, 0.33 NaH 2PO4, 5 HEPES, 5 MES, 0.5 MgCl2, 1.8 CaCl2, and 10 glucose at pH 7.4 with NaOH. The pipette solution for recording whole cell current contained (in mM) 100 K-aspartate, 25 KCl, 5 NaCl, 10 HEPES, 1 MgCl 2, 4 Mg-ATP, and 10 1,2-bis(o-aminophenoxy)ethane-N,N,N,N-tetraacetic acid (BAPTA) at pH 7.2 with KOH.
Recording background K ϩ current in H146 cells. To isolate TASKlike current from other voltage-dependent K ϩ currents, H146 cells were clamped at 0 mV for at least 2 min. Reverse ramp pulses (from 60 mV to Ϫ100 mV) were applied to obtain brief current-to-voltage relation (I-V curves). For the pharmacological block of large-conductance Ca 2ϩ -activated K ϩ channels (BKCa) and ATP-sensitive K ϩ channels, tetraethylammonium chloride (1 mM) and glibenclamide (10 M) were applied to NT solution. The pipette solution for recording TASK-like current in H146 cells contained (in mM) 140 KCl, 10 HEPES, 5 EGTA, 3 Mg-ATP, and 1 MgCl 2 at pH 7.2 with KOH.
The bath solution was made hypoxic by bubbling with 5% O2 and 95% N2 gas in a separate glass reservoir for at least 20 min before the perfusion. The reservoir was connected to the experimental chamber by using oxygen-impermeable Tygon tubing (Saint-Gobain PPL, Korea). Partial pressure of oxygen (%O 2) was measured in the experimental chamber by using a Dissolved Oxygen Meter (ISO2, WPI, Sarasota, FL). CO solution was prepared in two ways: 1) A CO-saturated solution was made by bubbling NT solution with 100% CO for 30 min under a headspace gas of 100% CO in a fume hood. CO dilutions were produced by injecting saturated solution into NT solutions using syringes without air space. The resulting 1% COcontaining NT was applied by changing the solution in the recording chamber. 2) We also perfused the bath with NT solution directly bubbled with 3% CO either with 21% O 2 and 74% N2 (normoxia) or with 97% N2 (hypoxia).
Measurement of Intracellular ROS Generation
NOX4 or NBD(Ϫ)-transfected HEK293 cells were seeded on coverglasses of a flow-through chamber, mounted on the stage of an inverted microscope (IX-70, Olympus), and perfused (5 ml/min) with a bath solution of the following composition (in mM): 143 NaCl, 5.4 KCl, 0.33 NaH 2PO4, 5 HEPES, 0.5 MgCl2, 1.8 CaCl2, and 10 glucose at pH 7.4 with NaOH. Cells were loaded with 10 M dichlorodihydrofluorescein diacetate (H 2DCF-DA, Molecular Probes, Eugene, OR) in the above bath solution for 30 min. The DCF-loaded cells were excited at 490 nM and emitted light was measured at 530 nM by using Polychrome IV monochromator (TILL Photonics, Martinsried, Germany) and Cascade 650 CCD camera (Roper Scientific) controlled by Metafluor software (Universal Imaging, Downingtown, PA). To minimize photo oxidation of H 2DCF, the amount of incident light was reduced to the minimum necessary by using neutral density filters. Exposure time was 20 ms with 30 s between successive images.
Data Analysis and Statistics
Because the amplitudes of TASK-1 currents were variable between tested cells, the normalized amplitudes of current were compared. In each tested cell, the current amplitude at 0 mV of clamp voltage was normalized to the control level (I/I con at 0 mV in % scale). The mean Ϯ SE of summarized data was plotted as a bar graph. Paired or unpaired Student's t-test was used for the statistical analysis where appropriate. P Ͻ 0.05 was considered significant.
RESULTS
Effects of CO and Heme Synthase Inhibitor on Hypoxia-Induced Inhibition of TASK-1 Current
In TASK-1/NOX4-coexpressed HEK293 cells, ramplike depolarization (from Ϫ100 to 100 mV) was applied at every 10 s. The current-to-voltage relation (I-V curves) obtained by the ramp pulses showed weak outward rectification with reversal potential at negative voltages. The outward current was almost completely abolished by acidic extracellular pH (pH e , 5.5) (n ϭ 9, Fig. 1A) , consistent with the properties of TASK-1. There was no TASK-like current in mock-transfected HEK293 Fig. 1 . Effects of carbon monoxide (CO) and heme synthase inhibitor on hypoxic inhibition of TASK-1. Human embryonic kidney (HEK)293 cells cotransfected with TASK-1 and NADPH oxidase-4 (NOX4; A, B, and D) or TASK-1 alone (C) were tested. To obtain the current-voltage (I-V) curve of TASK-1, ramp pulses (from Ϫ100 to 100 mV) were applied. A: the weakly outward rectifying current (ITASK-1) was almost completely inhibited by acidification (extracellular pH 5.5). B and C: when superfused with hypoxic (5% O2) solution, ITASK-1 was decreased, which was more prominent in TASK-1/NOX4 (B) than TASK-1 alone (C). There was no TASK-1-like current in mock-transfected HEK293 cells (A and B, inset). D: in TASK-1/NOX4-coexpressing cells, the pretreatment with CO (1%) slightly decreased the ITASK-1 while it largely prevented the hypoxic inhibition of ITASK-1. Note that the I-V curve under hypoxia was almost indistinguishable from the one obtained in the presence of CO. E: summary of the effects of hypoxia on ITASK-1. F: the chronic treatment with succinyl acetone, a heme synthase inhibitor, attenuated the hypoxic inhibition of TASK-1 coexpressed with NOX4 (n ϭ 12). In E and F, bars represent means Ϯ SE of current amplitudes normalized to control currents (I/Icon) at 0 mV, and the number of tested cells is indicated in parentheses in the bars. *P Ͻ 0.05. cells, and the current amplitude at 0 mV was almost null (see insets of Fig. 1, A and B) . After confirming a stable amplitude of outward current in TASK-1 transfected cells for at least 2 min, the hypoxic (PO 2 , 5%) bath solution was applied. Within 1 min, the amplitude of TASK-1 current (I TASK-1 ) was reduced by 50 Ϯ 2.8% at 0 mV (n ϭ 17, Fig. 1, B and E) . In contrast, the TASK-1-only-expressed cells showed 20 Ϯ 2.3% inhibition by the same hypoxic condition (n ϭ 16, Fig. 1, C and E) . According to our previous study, the small but significant inhibition of TASK-1-only-expressed cells was supposedly due to intrinsic NOX4 in HEK293 cells (21) .
NOX4 contain heme moiety where O 2 molecules are bound as electron receptors. It was initially supposed that the replacement of heme-bound O 2 with CO might exert a hypoxia-like effect by deterring the ROS generation from NOX4 (25, 27) . When cells were pretreated with CO (1%, see MATERIALS AND METHODS), however, the CO treatment only weakly decreased I TASK-1 (8 Ϯ 3.5%, n ϭ 5). To our surprise, once the cells were pretreated with CO, the hypoxic inhibition of I TASK-1 (hypoxia-⌬I TASK-1 ) was largely abolished even though the hypoxic solution did not contain CO (Fig. 1D ). Similar inhibitory effect on hypoxia-⌬I TASK-1 was observed when CO (3%) bubbled solution was continuously applied (n ϭ 8, original trace not shown). The influences of both ways of CO application on hypoxia-⌬I TASK-1 are summarized, respectively (Fig. 1E) . We also tested whether the inhibition of heme synthesis affects the hypoxia-⌬I TASK-1 . HEK293 cells were pretreated with succinyl acetone (10 g/ml, 24 h), a heme synthase inhibitor (6) . After the treatment with succinyl acetone, the hypoxia-⌬I TASK-1 was suppressed to 20 Ϯ 3.5% (n ϭ 12, Fig. 1F ).
Effects of ROS on Hypoxia-⌬I TASK-1
Since the major form of ROS produced by NOX4 is H 2 O 2 (23), we tested the effects of 100 M H 2 O 2 on the TASK-1 current under hypoxia. Among the five tested cells, a single case showed a partial recovery of hypoxia-⌬I TASK-1 with 100 M of H 2 O 2 , while the other four cells showed no recovery or further decrease of TASK-1 current. As a whole, the application of H 2 O 2 did not show a significant effect on hypoxia-⌬I TASK-1 (Fig. 2, A and B) . Next, we tested whether antioxidant affects hypoxia-⌬I TASK-1 . A pretreatment with 2 mM ascorbic acid (2 min) partly decreased I TASK-1 but did not prevent the hypoxia-⌬I TASK-1 (n ϭ 8, Fig. 2, C and E) . These results suggested that the enzymatic action of NOX4 might play only a minor role in hypoxia-⌬I TASK-1 . Also, hypoxia-⌬I TASK-1 was consistently observed after 1 h of pretreatment with 300 M apocynin (n ϭ 9), an inhibitor of NOX (Fig. 2, D and E) . However, it was also noticeable that the pretreatment with apocynin partly attenuated the hypoxia-⌬I TASK-1 (see the difference between not-treated vs. apocynin-treated groups indicated by dotted line in Fig. 2E ).
Effect of the Various NOX4 Mutants on Hypoxia-⌬I TASK-1
Considering the high affinity of CO to heme moiety, the deterrence of hypoxia-⌬I TASK-1 by CO pretreatment could imply an interesting model; the CO-bound heme might mimic the O 2 -bound state irrespective of actual PO 2 , and thereby signaling false information from NOX4 to TASK-1. In other words, for the regulation of TASK-1, the state of O 2 binding with NOX4 per se might be more critical than the enzymatic action. To investigate the mechanism more directly, we prepared various forms of mutated NOX4, and coexpressed them with TASK-1 (Fig. 3A) . To delete the heme-binding sites, two histidine residues (H194 and H207) were replaced with arginine [HBD(Ϫ)]. NADPH-binding domain deletion [NBD(Ϫ)], FAD-binding domain deletion [FBD(Ϫ)], and double mutants for HBD and FBD [HFBD(Ϫ)] forms were made as described in MATERIALS AND METHODS. Fluorescence images showed that our mutants were localized in the plasma membrane similar to the wild type (Fig. 3B) . The extent of hypoxia-⌬I TASK-1 (50 Ϯ 2.8%, n ϭ 13) was attenuated to 28 Ϯ 3.2 (n ϭ 19), 29 Ϯ 4.2 (n ϭ 13), and 17 Ϯ 2.2% (n ϭ 12) when coexpressed with the HBD(Ϫ), FBD(Ϫ), and HFBD(Ϫ), respectively (Fig. 4, A-C) . However, NBD(Ϫ) did not affect the hypoxia-⌬I TASK-1 (n ϭ 6, 51 Ϯ 3.9% inhibition, Fig. 4D ). The normalized amplitudes of I TASK-1 under hypoxia are summarized as bar graphs (Fig. 4E) .
To test whether the NBD(Ϫ) mutation of NOX4 actually affected the ROS producing activity, we compared the ascorbic acid-sensitive changes in H 2 DCF-DA fluorescence between control and NBD(Ϫ). A separate group of NOX4-transfected cells were incubated with ascorbic acid (2 mM) for 30 min to decrease the basal ROS level generated by NOX4 transfected cells. The fluorescence increase by H 2 DCF-DA loading process was significantly attenuated in the ascorbic acid-pretreated cells (Fig. 4F, left columns) . In contrast, in the NBD(Ϫ)-transfected cells, the decrease of DCF fluorescence by ascorbic acid was insignificant (Fig. 4F, right columns) .
Molecular Interaction for the Signaling Between NOX4 and TASK-1
The results shown above suggest that NOX4 and TASK-1 directly interact with each other. To test such a possibility, we performed coimmunoprecipitation assay in HEK293 cells overexpressing both proteins. As no antibody good enough to detect endogenous NOX4 is currently available, we transfected HEK293 cells with Flag-tagged NOX4 and used anti-Flag antibody for this experiment. TASK-1 and Flag-NOX4 were coprecipitated by anti-Flag and anti-TASK-1 antibodies, respectively (Fig. 5) . The input levels of expressed proteins were checked by Western blotting.
p22 is known as the essential subunit for the oxidase activity of NOX4 (1) . Although the overall results indicated that the enzymatic activity might play insignificant or minor roles, we tested whether it is also required for the NOX4-dependent hypoxia-⌬I TASK-1 . The suppression of p22 by siRNA was verified by RT-PCR (supplementary data Fig. 1 ; supplemental data for this article can be found online at the American Journal of Physiology-Cell Physiology website). p22-siRNA reversed the hypoxic inhibition of TASK-1 in an incubation time-dependent manner (Fig. 6, B and E, n ϭ 8) while the transfection with scrambled siRNA did not (Fig. 6A, n ϭ 7) . The forceful expression of p22 in the p22 knockdown cells recovered the hypoxic inhibition of TASK-1 to the control level (Fig. 6, C and E, n ϭ 6) . In cells harboring endogenous p22, however, p22 overexpression did not further increase the hypoxic inhibition of TASK-1 (Fig. 6D, n ϭ 6 ).
NOX4-Dependent Regulation of TASK Current in Oxygen-Sensing Cells
Finally, we tested whether the expression of NOX4 is also important in the cells intrinsically expressing TASK channels. H146, human small cell carcinoma cell line, is a model of neuroepithelial body O 2 -sensing cells. It has been reported that H146 shows hypoxic inhibition of the TASK-like background K ϩ currents (19) . A recent report by Cutz et al. (4a) demonstrated the colocalized expression of NOX4 and TASK-1 in H146 and neuroepithelial body cells. In the present study, we could record TASK-like background K ϩ current that was markedly inhibited by an acidic condition (pH 6.0). Hypoxia also decreased the outward current in H146 although the extent of inhibition was small (inhibition by around 15% at 0 mV). The genetic knockdown of NOX4 by using siNOX4 partly attenuated the hypoxic inhibition of TASK current in H146 cells (Fig. 7, C and D) .
DISCUSSION
The major finding of this study was that the HBD and FBD of NOX4 were critical for the hypoxia-⌬I TASK-1 , whereas the ROS production could not explain the O 2 -dependent regulation of TASK-1. Various lines of evidence from the experiments using chemical inhibitors and siRNAs suggested that the NOX4-dependent hypoxia-⌬I TASK-1 was mainly mediated by a direct interaction between NOX4 and TASK-1.
As plausible signaling mechanisms for the ion channel theory of the biological O 2 sensation, three types of hypotheses could be proposed: 1) direct O 2 sensing by the ion channels, 2) modulation of the ion channels by a diffusible mediator (e.g., ROS), and 3) indirect O 2 sensing by a specialized membrane protein that tightly regulates the ion channels (e.g., proteinprotein interaction). Our present study mainly supported the third hypothesis at which NOX4 seemed to play as the sensor via heme-dependent O 2 binding mechanism.
A Novel Mechanism of NOX-Dependent Ion Channel Regulation
NOX proteins are archetypal proteins that are found from yeast to human. The generation of ROS by NOX has been proposed to play diverse roles including host defense, cellular signaling, and oxygen sensing (2, 4, 9) . The changes of ROS production depending on environmental O 2 tension are an attractive mechanism for the hypoxia responses of ion channels. Actually, previous reports by Cutz and colleagues demonstrated that the application of H 2 O 2 reversed the hypoxic inhibition of K ϩ currents in airway neuroepithelial body chemoreceptors (7, 8) . However, those results are obtained from the net outward currents that include different types of K ϩ channels.
The results of H 2 DCF-DA fluorescence measurement suggested the decreased signals of ROS-sensitive fluorescence in NBD(Ϫ)-transfected HEK293 cells (Fig. 4F) , and this supported our initial assumption that the basal production of H 2 O 2 was suppressed in the NBD(Ϫ) cells. The unaltered O 2 sensitivity in NBD(Ϫ) mutant and the lack of recovery from hypoxia-⌬I TASK-1 by H 2 O 2 implicated that the enzymatic action of NOX4 was not the major mechanism for the hypoxia-⌬I TASK-1 . Instead, our study suggests that the O 2 -binding per se to a specific site such as HBD of NOX4 might be critical. Such novel speculation is more consistent with the third model Fig. 4 . Effect of the various NOX4 mutants on hypoxic inhibition of ITASK-1 and reactive oxygen species (ROS) generation. The deletion mutants described in Fig. 3 were coexpressed with TASK-1, and I-V curves were obtained by ramp pulses from Ϫ100 to 100 mV. The HBD(Ϫ), FBD(Ϫ), and HFBD(Ϫ) forms of NOX4 reduced the hypoxic response of TASK-1 (A-C), whereas NBD(Ϫ) did not alter the hypoxic response (D). E: summary of the above effects. Bars represent means Ϯ SE of current amplitudes normalized to control currents at 0 mV. A separate group of NOX4-transfected cells were incubated with ascorbic acid (2 mM) for 30 min to decrease the basal ROS level generated by NOX4-transfected cells. F: the fluorescence increase by dichlorodihydrofluorescein diacetate (H2DCF-DA) loading process was significantly attenuated in the ascorbic acid-pretreated cells (left columns). In contrast, in the NBD(Ϫ)-transfected cells, the decrease of DCF fluorescence by ascorbic acid was not prominent (right columns). Data are presented as a change in fluorescence from background intensity (F-Fbg intensity). In E and F, the number of tested cells is indicated in parentheses in the bar graphs. *P Ͻ 0.05. Fig. 5 . Interaction between TASK-1 and NOX4. HEK293 cells were cotransfected with plasmids (2 g each per 100-mm dish) of TASK-1 or/and Flag-NOX4. Flag-NOX4 was immunoprecipitated (IP) with anti-Flag antiserum (␣-Flag), and coprecipitated TASK-1 was identified using anti-TASK-1 antiserum (␣-TASK-1) (top). In addition, TASK-1 was immunoprecipitated with ␣-TASK-1, and coprecipitated Flag-NOX4 was identified using ␣-Flag (middle). The input levels of expressed proteins were analyzed by Western blotting (bottom). Representative data from three different experiments are shown. The pseudo-positive signal (* next to left lane) was interpreted as a nonspecific (NS) band because there was no Flag signal. It seemed to be due to the pool of IgG because no such nonspecific band was observed in the input control. mentioned above: intimate interaction between the O 2 sensor (NOX4) and ion channel (TASK-1), which is described in the schematic figure (Fig. 8) . Our coimmunoprecipitation study further supported the model of O 2 -dependent TASK-1 regulation (Fig. 5) . As far as we have searched, this is the first report suggesting a nonenzymatic regulation of ion channels by NOX.
The persistent hypoxia-⌬I TASK-1 in the presence of apocynin was also consistent with the above model. Apocynin has been widely used as a NOX inhibitor, supposedly by inhibiting the complex formation of NOX2 with p47 phox , and the inhibitory function requires a myeloperoxidase-dependent dimerization of apocynin (33) . However, a recent study showed that the apparent inhibition of NOX activity in the nonphagocytic cells absent of myeloperoxidase could be due to an antioxidant-like effect (16) . On the basis of the complexity of the pharmacological effects, one has to be careful in the interpretation of the slight attenuation of hypoxia-⌬I TASK-1 by apocynin (Fig. 2E) . Apparently, it seemed consistent with the partial decrease of TASK-1 current by ascorbic acid and CO (see below). However, one cannot exclude the possibility that apocynin somehow interferes with the regulatory interaction between NOX4 and TASK-1, similar to the interfering effects on NOX2 and p47 phox (33) .
Interpretation of the Effects of CO on Hypoxia-⌬I TASK-1
Heme-containing proteins could undergo O 2 -dependent conformational changes as is well known in hemoglobins and many other heme-based sensor molecules (11) . Among the ion channels, the BK Ca are regulated by heme (32) . The heme prosthesis bound with BK Ca mediates the positive modulation by CO, and this mechanism has been suggested to underlie the O 2 -dependent, hemeoxygenase-mediated regulation of BK Ca (36) . Also, the indirect O 2 sensing of Kv4.2 (i.e., hypoxic inhibition of K ϩ current) via Kv␤1.2 was shown to be blocked by CO treatment (29) , suggesting an involvement of hemecontaining proteins (22) .
CO inhibits the major components of endogenous oxidantgenerating machinery, NADPH oxidase, and the cytochrome-c oxidase of the mitochondrial respiratory chain, and thereby blocks formation of ROS (25, 27) . In our present study, a slight decrease of TASK-1 current on the application of CO or ascorbic acid might reflect a positive modulation of TASK-1 by the basal production of ROS. Such interpretation implicated that the ROS hypothesis of acute O 2 -sensing mechanism might also work, at least partly, in the present study. The partial decrease of TASK-1 current by ascorbic acid and a slightly attenuated hypoxia-⌬I TASK-1 by apocynin pretreatment might reflect such a role of endogenous ROS production (Fig. 2,  C-E) . In general, however, the changes of ROS seemed less attractive for the acute O 2 sensing by ion channels because there are multiple sources of ROS in addition to NOX (e.g., mitochondria) even in a single cell. Actually, the level of ROS generation and the direction of changes induced by hypoxia could be widely variable and controversial (24, 35) . In mouse carotid body type I cells, the increased ROS inhibited Kv current, which was opposite to other reports (14) . In this respect, compared with the ROS-mediated signaling, more direct regulation by O 2 sensor molecules like NOX4 might provide consistent means for the acute O 2 sensing by ion channels.
The hindrance of hypoxia-⌬I TASK-1 by CO pretreatment was consistent with the hypothesis that NOX4 regulated TASK-1 in a heme-dependent manner (Fig. 1) . Similar with the CO effect on hypoxia-⌬I TASK-1 , the hypoxic inhibition of K ϩ current in rabbit carotid body was also blocked by CO, and this result was regarded as evidence of the hemoprotein nature of O 2 sensor molecules (22) . The anchoring of the hemes occurs via four histidines in NOX4 (Fig. 3A) .
Among the results observed in this study, the partial inhibitory effect of FBD(Ϫ) on hypoxia-⌬I TASK-1 could not be explained by the heme hypothesis. Because the influence of HBD(Ϫ) and FBD(Ϫ) was additive (Fig. 4) , it was initially supposed that a separate mechanism for the hypoxia-⌬I TASK-1 might be mediated by a function of FAD-binding domain (FBD). At present, however, we do not have a clue to hypothesize the precise mechanism of FBD in hypoxia-⌬I TASK-1 . An intact FBD might be necessary for the proper conformation of NOX4 for hypoxia-⌬I TASK-1 , as is suggested for the role of p22 (see below). 
Mode of Interaction and Membrane Localization of NOX4
The classical phagocytic NOX (Nox2, GP91 phox ) is a flavin-and heme-binding glycoprotein that forms membrane cytochrome b 558 in association with smaller subunit p22. It is known that NOX4 also associates with p22, and this is required for the functional activity, i.e., ROS formation (1) . In this respect, the role of p22 in hypoxia-⌬I TASK-1 by itself suggested the diffusible mediator (ROS) hypothesis. However, because the other experimental data supported a more direct regulation model, we here propose that the coexpression of p22 might be necessary for a proper alignment or conformation for the regulatory interaction between NOX4 and TASK-1 (Fig. 8) . The hypoxia-⌬I TASK-1 in cells overexpressing NOX4 was also abolished by p22-specific siRNA, while the coexpression of p22 did not augment the hypoxia-⌬I TASK-1 (Fig. 6) . Because the overexpression of p22 did not augment the hypoxia-⌬I TASK-1 , it seemed that the endogenous p22 expression in HEK293 cells was sufficient to form functional complexes with the NOX4 as has been demonstrated elsewhere (1) .
Our model was initially based on the idea that NOX4 and TASK-1 are colocalized in the plasma membrane (Fig. 8A) . A recent report in the lungs of rabbits and rats showed colocalization of NOX4 with TASK-1 in the apical membranes of pulmonary neuroepithelial body cells (4a, 26) . Actually, the confocal microscopic studies of our previous report (21) and the current study (Fig. 3) suggested peripheral expression of NOX4. Also, the coimmunoprecipitation of NOX4 and TASK-1 suggested that the colocalization in the same plasma membrane is more likely (Fig. 5) . However, in transfected cells, other researchers showed strong expression of NOX4 in endoplasmic reticulum (ER), whereas p22 is expressed in both plasma and ER membranes (15, 23, 34) . In vascular smooth muscle cells, NOX4 is tightly associated with vinculin and focal adhesions, while NOX1 is localized in caveolar structure of plasma membrane (17) . As a whole, the question about the intracellular location of NOX4 is still controversial and the location might be different depending on the expression systems and the level of overexpression, although we cannot totally exclude the possibility that NOX4 in ER membrane might somehow directly interact with TASK-1 in plasma membrane for the PO 2 -dependent signaling. However, in our schematic model of NOX4-TASK-1 interaction, we propose the more likely model of NOX4 localization in the plasma membrane (Fig. 8) .
The hypoxic inhibition of TASK-1 or TASK-like current has been suggested in various types of O 2 -sensitive cells. In H146 cells, a model of airway neuroepithelial body, we confirmed the hypoxic inhibition of TASK-like current, although the extent of the inhibition was small. Consistent with the results in TASK-1/NOX4-overexpressed cells, the hypoxic inhibition was attenuated by siNOX4 treatment in H146 cells.
In summary, our present results suggest that a putative conformational change of NOX4 by O 2 dissociation from heme prosthesis, rather than decreased ROS, might be the major signaling mechanism of the hypoxia-⌬I TASK-1 . The partner protein p22 is necessary for proper signaling from NOX4 to TASK-1 during hypoxia.
